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Abstract 
A theoretical investigation of the performance of a two stage variable capacity air source heat pump (TS VC ASHP) 
coupled with a building-integrated photovoltaic/thermal (BIPV/T) system (integrated into the wall) is presented in this 
paper.  Air was circulated behind the photovoltaic arrays to recover the thermal energy. TRNSYS was used to evaluate the 
performance of the TS VC ASHP coupled with the BIPV/T.  The thermal performance of the TS VC ASHP was evaluated 
for two scenarios when the TS VC ASHP was running in heating mode. The two scenarios are: (A) directly feeding 
ambient air to the TS VC ASHP, and (B) coupling the TS VC ASHP to a wall integrated BIPV/T. The coefficient of 
performance (COP) of the TS VC ASHP was evaluated and compared for these two separate scenarios. Results suggest 
that the COP of the TS VC ASHP can be improved for the months of February through April by coupling the TS VC 
ASHP to a wall integrated BIPV/T system.  
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1. Introduction
Space heating of residential units in Railbelt and Southeast regions of Alaska comprises about 80% of the total
energy consumption in those areas. Natural gas is the primary fuel for residential home heating in 64% of the 
households in these regions [1]. The State of Alaska has set a goal of obtaining 50% of its energy use from 
renewable sources by 2025, and a 25% increase in energy efficiency by 2020 is also expected [2]. The Department 
of Energy (DOE) has also set a goal of reducing building energy consumption by 50% by the year 2030 [3]. 
Innovative technologies for space heating and cooling, water heating, hybrid photovoltaic-thermals systems 
(PV/Ts), and building-integrated photovoltaics (BIPV) have been identified by the DOE as technologies that could 
make substantial contributions towards that goal [3].  
Air source heat pumps (ASHPs) and ground source heat pumps are among the most energy efficient technologies 
for heating and cooling buildings and for providing hot water. Air source heat pumps offer low initial cost compared 
to ground source heat pumps (40% reduction in installation cost) [4]. The coefficient of performance of an air source 
heat pump, however, decreases in colder outdoor temperatures [5]. Furthermore, a large capacity heat pump may be 
necessary during the heating season to meet the required building heating demand. The compressor of such a large 
capacity heat pump generally operates at part loads to meet the building demand at milder winter temperatures. This 
on-off part load operation causes a reduction in efficiency. Variable capacity air source heat pumps (VC-ASHPs) 
offer potential improvements in the efficiency and reliability of operation. These improvements result from 
enhanced performance at lower capacities and a reduction in cyclic operating time.  The improved performance of 
TS VC ASHPs and mild temperatures of south and southeast Alaska, with an average temperature of 5 °F (-15 °C), 
make an attractive sustainable technology for these regions.  
Since the 1960s, photovoltaic (PV) systems that produce electricity and solar thermal systems that produce heat 
have been applied effectively on building roofs and facades to offset or eliminate fossil fuel demand in buildings. 
Most solar PV and thermal solutions, however, are treated as separate and distinct systems from each other and from 
the building envelope. This lack of system integration represents a lost opportunity to simplify and derive additional 
efficiency gains. Such integration may be more easily applied at the design stage of a new building through BIPV/T 
systems. BIPV/T systems are arrays of photovoltaic panels integrated into building structures such as facades and 
roofs (Fig. 1) to produce electricity and useful thermal energy [6-9]. A wall-integrated PV/T system (Building-
Integrated Photovoltaic/Thermal (BIPV/T) system) is composed of solar PV panels mounted on a building 
wall/window, with a gap in between to create a channel as shown in Fig. 1.  
Fig.1 Schematic of wall-integrated BIPV/T configuration linked to ASHP 
BIPV/T systems have the potential to meet all building envelope requirements, such as mechanical resistance and 
thermal insulation [6]. In addition to producing heat and electricity, the multiple functionality of a BIPV/T system is 
expected to improve the cost effectiveness of residential construction when compared to add-on PV/T systems. The 
recovery of the useful thermal energy is achieved by circulating air as a coolant in the gap between the PV (which 
heats up when exposed to sunlight) and the wall/window. Circulating air behind the PVs has several advantages.   It 
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(1) reduces the temperature of the PV panels and increases their electrical efficiency, (2) extends the life of the
system by reducing the tendency of the modules to delaminate, and (3) helps recover thermal energy. This thermal
energy can either directly be used for space and/or domestic water heating, or can be fed to the ASHP to enhance its
performance. Thus, coupling ASHPs with BIPV/T systems has the potential to further reduce building heating and
cooling costs and dependence on non-renewable heating fuels. It has been reported that the energy consumption of
the ÉcoTerra house was only 26.8% of a typical Canadian home when a BIPV/T system was coupled with a
geothermal heat pump [10]. The capital cost of a house with BIPV/T system can be reduced (only 40% of the cost of
GSHP) by coupling the system with an air source heat pump (ASHP) instead of ground source heat pump.
The objective of this work is to evaluate the performance of a TS VC ASHP when it is coupled to a wall-
integrated BIPV/T system.   The coefficient of performance (COP) of the TS VC ASHP will be evaluated for 2 
separate scenarios and compared. The 2 scenarios are: (A) supplying the ambient air directly to the ASHP (usual 
operation), and (B) coupling the ASHP to the wall integrated BIPV/T. 
2. House description
A single family, two-story house model was created in TRNSYS’ TRNBuild environment. The model assumed a
house with an airtight building envelope according to the standards of ASHRAE 90.1. The house has double glazed 
windows with fiberglass frames. Table 1 lists the structural features of the house, its floor areas and zone volumes. 
A TS VC ASHP with 11.06 kW heating capacity (Mitsubishi Electric - Model PUZ-HA36NHA), with a direct 
expansion coil air handling unit for delivery of conditioned air, is used for space heating.  
Table 1: House specifications 
House part Floor Area (m2) Volume (m3) Features 
Basement walls RSI 3.54 (R20) 
Basement slab RSI 1.76 (R10) 
Basement 82.612 196.28 
First floor 82.612 201.436 
Second floor 82.612 201.436 
1st and 2nd  floor walls RSI 5.65 (R32) 
Windows 2.12W/m2K 
Roof RSI 7 (R40) 
2.1. House internal gains 
The house was assumed to have four occupants (2 adults and 2 children). Load profiles of the house were created 
using incandescent light bulbs, with schedules to represent the occupant internal gains. An estimate was made to 
obtain equipment/appliance gains. Table 2 gives the internal heat gains from major appliances and lighting. 
 Table 2: Internal heat gains from equipment/appliance/lighting 
kWh/day Annual kWh kJ/hr 
Interior lighting 0.75 273.75 112.5 
Major appliances 1.25 456.25 225 
Other 2.67 974.55 400 
3. TRNSYS simulation
A transient system energy modeling software (TRNSYS) was used to evaluate the performance of the TS VC
ASHP coupled with a BIPV/T system. TRNSYS includes a graphical interface, a simulation engine, and a library of 
components (known as Types) that range from various building models to standard HVAC equipment to renewable 
energy. TRNSYS is reasonably powerful in terms of HVAC system modeling [11].  The current BIPV/T system was 
modeled using a TRNSYS Type 568 component, which can operate with Type 56 multi-zone buildings with detailed 
zone models. Type 568 is intended to model an un-glazed solar collector which has the dual purpose of creating 
power from embedded photovoltaic (PV) cells and providing heat to an air stream passing beneath the absorbing PV 
surface [12]. The thermal model of this collector is based on algorithms described by the Solar Engineering of 
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Thermal Processes textbook by Duffie and Beckman [13]. In this model, a set of energy balance equations are 
solved by an iterative approach, initially by guessing the values for the mean fluid temperature, mean PV cell 
temperature, and mean air channel surface temperatures until the solution converges. The wall-BIPV/T was placed 
on the southern part of the wall and mounted at 90° (Fig. 1). For thermal energy recovery, air was circulated by a fan 
between the PV and the wall gap (76.2 mm). The PV area on the wall was 22m2, with air flowing from the base of 
the house (Fig 1) at 1 m/s velocity. TRNSYS Type 687, a window model that uses the window’s area, light 
transmittance, Solar Heat Gain Coefficient (SHGC), U factor, and zone temperatures to predict the net gain through 
the window, was used to model the glass wall.  
Solar irradiation for Anchorage, Alaska was used for the simulation (TMY2). The heating season was from 
October 1st to May 31st. The simulation was run for the heating season only. The heating set point temperature was 
21°C, with a deadband temperature of 1.5°C. The simulation was run with one minute time steps. The PV’s 
electrical efficiency was assumed to be 15% at a temperature of 25°C, and the power output was assumed to 
decrease by 0.5% per degree °C increase in PV’s temperature [14]. Absorptance of PV’s surface and its emissivity 
were assumed to be 0.78 [15] and 0.95 [16], respectively.  
4. Results and discussion
Figure 2 shows the solar irradiation for Anchorage. The COP of the heat pump was calculated as the ratio of the
output thermal energy to the input electrical consumption for 2 cases. Case A is when the ambient air was supplied 
GLUHFWO\WRWKHKHDWSXPS&DVH% is when the warm air coming out of the wall-integrated BIPV/T was supplied into 
the heat pump. The COP of the heat pump was evaluated and compared for the two scenarios.  
Fig. 2 Solar irradiation for Anchorage 
Figure 3 compares the COP for the two cases, i.e., Case A, when the ambient air is supplied directly to the heat 
pump, and Case B, when the warm air coming out of the wall-integrated BIPV/T is supplied into the heat pump. 
Figure 3 also shows the ambient temperature for Anchorage. Fig. 3 demonstrates that the COP of the TS AC ASHP 
is higher when the pump is coupled to the BIPV/T system for the months of February through April. In December 
and January, improvement in COP of the TS AC ASHP when coupled with the BIPV/T is not observed. This is a 
plausible result as the sunshine hours are shorter (5.5 to 7.5 hrs) and the direction of the sun is southeast (126° – 
143°SE). It is noted that the BIPV/T is south facing. In addition, the ambient temperature in these months is 
relatively low. 
 A closer look at the months February through April (Fig. 3) indicates that the ambient temperature is relatively 
higher as compared to the ambient temperatures in December and January.  Generally, it can be said that for average 
temperatures above -3°C, the COP of the heat pump is improved when it is coupled to a BIPV/T system. For ambient 
temperatures above 10°C, coupling of the ASHP with the BIPV/T system did not show significant improvement in the 
COP of the heat pump. Also, as expected, for temperatures below -10°C, coupling of the BIPV/T system to the ASHP 
did not show any improvement of COP as compared to an ASHP which is not coupled to a BIPV/T system. 
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Fig. 3 Comparison of the COP for the two cases 
Fig. 4 Comparison of the COP for the two cases for the months of January through April 
It is worthwhile to note that the COP of the TS VC ASHP (for both cases, i.e. coupled to the BIPV/T system and 
without coupling) was 1.5, corresponding to -26.2°C, corresponding to December 8 (Fig. 4). This indicates that the 
TS VC ASHP can still be used under such harsh conditions, providing 1.5 unit output of energy for 1 unit of input 
energy.  The maximum COP when the TS VC ASHP was coupled with the BIPV/T system was 5.31.  This 
corresponds to an ambient temperature of 4.4°C on February 23. For this day, the COP of the TS VC ASHP without 
coupling to the BIPV/T was 4.2. 
Fig. 5 shows details of COP comparison for one week in February. The improvement in COP when the TS VC 
ASHP is coupled to a BIPV/T system for this given week is observed in Fig. 5. The improvement in COP at an 
average ambient temperature of -3°C (for the given week) indicates the suitability of the coupling the TS VC ASHP 
to a BIPV/T system to enhance its COP. It could also be possible to further increase the thermal energy output of the 
PV by increasing the PV area or by decreasing the air flow velocity. This may lead to further improvement of the 
COP of the heat pump.  In general, it can be concluded that for months with milder winter temperatures, the COP of 
the TS VC ASHP coupled with a BIPV/T system is improved as compared to the uncoupled one.
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Fig. 5 Comparison of the COP for the two cases for a week in the month of February 
5. Conclusion
TRNSYS simulation was used to evaluate performance of a variable capacity air-to-air air source heat pump (TS
VC ASHP) under two different conditions: (A) feeding the ambient air to the ASHP, and (B) coupling the ASHP to a 
wall-integrated BIPV/T. The following conclusion can be made for a TS VC ASHP coupled to a BIPV/T system: 
• for average ambient temperatures above -3°C, the COP is improved.
• for average ambient temperatures above 10°C, significant improvement in the COP was not observed.
• for average ambient temperatures below -10°C, improvement in the COP was not observed, as compared to a TS
VC ASHP which is not coupled to a BIPV/T system.
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